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LOW ENERGY PARTICLE COMPOSITION 
George Glocckler 

Department of Physics and Astronomy, University of Maryland 
College Park, Maryland 20742 USA 


1. Introduction. The composition of energetic particles is useful in 
identifying their sources of origin and carries essential information on 
acceleration mechanisms within these sources. Initial studies of solar 
flare particles found the composition above 'v 30 MeV/nuc to be reproducible 
from one solar flare event to the next and similar to the abundances of 
elements in the solar atmosphere. Tliese results were consistent with 
acceleration processes which did not depend on the nuclear charge of the 
particles and provided the means of filling in gaps in our knowledge of the 
composition of the solar atmosphere. 

Today, we are confronted with a diversity and variability in the 
composition of elements and isotopes of solar origin which was entirely 
unexpected and for which we have no satisfactory explanation at present. It 
is not unusual to find, for example, ‘^He more abundant than and iron more 
abundant than oxygen. It is especially for nuclei below 10 MeV/nuc and in 
the small intensity increase where the composition anomalies are most pro- 
nounced. 

Our notion that the sun alone in our solar system can accelerate 
particles must be abandoned in light of evidence that Jupiter is and earth 
may be sources for some of the low energy particles we observe. Furthermore, 
it is likely that large scale acceleration of ions to energies of tens of 
MeVs may, in fact, be taking place in the outer regions of the interplanetary 
medium. 

More than 50 papers presented at this Conference dealt with the com- 
position of low energy parcicles. The topics can be divided roughly into 
two broad categories. The first is the study of the energy spectra and 
composition of the steady or "quiet-time" particle flux, whose origin is at 
this time unknown. The second category includes the study of particles and 
photons which are associated with solar flares or active regions on the sun. 
Further subdivisions within the two catcg"'rics along with a tabulation of 
conference papers which addressed each of the subtopics are given in Table 1. 

2. Experimental Techniques. Three different detection techniques are used 
to measure the composition and energy spectra of low energy particles. These 
methods have been summarized by Hovestadt (1973). The chemical abundance 
may be determined with large-area passive track detectors which are sensitive 
to particles heavier than protons in the energy range from a few tens of 
keV/nuc to over a 100 MeV/nuc. Chemical and isotopic compositions are also 
measured with active dE/dx E counter telescopes where the use of either 
thin solid state detectors or thin, large-area proportional counters as the 
AE element allows separation of individual chemical elements at energies as 
low as several hundred keV/nuc. Charge states of ions are measured directly 
by electrostatic analyzer experiments which are sensitive from 10 keV/nuc 
to 1 MeV/nuc. Improvements in the resolution, sensitivity and low energy 
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Tnble 1. 1,0W KNI-RGY PARTICLE COMPOSITION 


TOPIC 

CONFERENCE PAPERS 

"QUIF.T-TIME" COMPOSITION 

. Protons and Helium 

OGlO-5,6,7; OG7-2,.5; H-4,5 

. Anomalous He, N, 0, .nnd Ne 

OG1()-5,8,‘1,10,11,12;OG7-10,P-.S;11 

. Heavy Particles in Magnetosphere 

OGlO-13,14,15,16 

. Jovian Electrons 

0G10-l,2,3,P-9 

SOLAR PARTICLE COMPOSITION 

.^He rich Events 

SP2. 1-1 3, 14, 16, 17; SP3-8,H-3,8 

. Heavy Ion Enriched Events 

SP2.1-10,13,16 

. Nuclear Abundances 

SP2.1-3,5,6,9 

. Temporal and Spatial Variations 

SP2. 1-2,8, 12 

. Statistical Studies 

SP2. 1-1,4 

. Charge States 

SP2.1-4 

. Nuclear Reaction Products 

SP2.1-16; SP3-4,8,9 

(Isotopes, positrons, y-rays) 

. Particle Production and 

SPl-1,2; Si-2. M, 7, 15 

Acceleration in Flares 

SP.3-1,2,3,.5.6,7, 10; O(:i0-4 


response of the detectors have contributed to the exploration of new energy 
and intensity regimes and led to the results which are summarized below. 

3. The Composition and Energy Spectra During Quiet Times. Composition meas- 
urements of quiet-time particles revealed the most surprising results. 
Garcia-Munoz, Mason and Simpson (1973) were first to point out that helium 
was more abundant than protons between about 10 and 40 MeV/nuc. Ilovestadt 
et al . (1973) reported the unusual spectral feature of a hump for oxygen 
between 'v 2 and 10 MeV/nuc and a significantly reduced abundance of carbon. 
Measurements by the Goddard-New Hampshire group (McDonald 1 1974) 

.above 8 MeV/nuc showed that nitrogen as well as oxygen were overabundant 
compared to carbon. The origin of these particles still remains unknown 
aithough interesting possibilities have been suggested. 

Protons and Helium. Measurements of protons and helium nuclei below a 
few MeV/nuc during quiet times are difficult because of the infrequency and 
short duration of quiet-time periods and background problems associated 
with one parameter measurement techniques commonly used. The first consistent 
set of quiet-time proton and alpha measurements extending in energy to 
s- 300 keV/nuc have been reported at this Conference. 

The results of Gloeckler et £l . (OGlO-5), which are based on a 2 para- 
meter dE/dx V£ E analysis technique are shown in Figure 1 along with measure- 
ments of Mewaldt et al^. (OGlO-6) and Krimigis et a^. (OGlO-7). The helium 
spectrum shows two anomalous features. Between s* 4 to 50 MeV/nuc the spectrum 
is flat and the helium abundance exceeds that of protons. This anomaly has 
been discussed extensively in the literature (Garcia-Muncz ct a^. ,1973, 1975; 
Van Hollebeke et al.,1973; Mewaldt et al., 1975) and at this Conference 
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Kinetic Energy (MeV/Nuc) 

Fig. 1 .-Differential energy spectra for protons and helium nuclei during 
(a) *'quict*' and (b) ’’super-quiet” time periods in 1972-1975. The data are from: A 
(protons) 0(helinm). Gloccklcr al_. , OGlO-5; ^(protons) □(helium). Krimigis ct 
al., OGlO-7; ^(protons) O(helium), Mcwaldt et al_. , OGlO-6. The helium Sj ectrum 
has two anomalous features: a hump between '^>1 and 5 MeV/nue and a flat portion be- 

tween M and 50 MeV/nuc where the intensity of helium exceeds the proton intensity. 


(Garcia-Munoz f't ♦ 0G7-S; Mcwaldt £t , OGlO-6). At about 1-3 MeV/nue 
there is a hump in the spectrum as is evident from the data of Glocvkler ej^ aj_. 
(1976. OGlO-5). Protons have a more normal spectrum with perhaps a hint of a 
hump at 2 McV. The energy spectra during the most quiet or ’’super-quiet” 
times arc given in the right-hand panel of Figure 1 and show that the helium 
hump at 1-3 MeV/nue is still noticeable although its intensity is reduced. 

Studying the time variation of the quiet-time proton to alpha ratio 
between 1.3 and 2.3 MeV/nuc Mcwaldt fij_. (OGlO-6) find this ratio to be 
highly variable, ranging from 2 to 20, with no correlation between the 
intensities of protons and alphas. 

Although there is agreement in the measurements of the energy spectra of 
these very low energy protons and helium nuclei, there is no general agree- 
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mcT.t on their origin. Gloeckler ct (197n, OGlO-5) suggest that protons 
between 0.4 and 1.5 MeV and helium below 0,5 MeV/nuc arc solar in origin. 

A similar conclusion is reached by Mcwnldt £l . (OGlO-6) for protons and 
alphas above 1.3 MeV/nuc, although they cannot exclude other sources. 

Krimigis £t al . (OGlO-7) argue, however, that a large fraction of low energy 
protons comes from the earth’s magnetosphere and they further suggest that 
Jupiter may produce some of the observed quiet- time protons in the 2-20 MeV 
range. 

The scarce for the helium in the hump between 1 and 3 MeV/nue is even 
less certain and both a solar and non-solar origin hypothesis are considered 
by Gloeckler (1975, OGlO-5). Results on the radial gradients of these 

low energy quiet-time particles (Simpson and Tuzzolino, 1973; Witte ct al . , 

H-4; Trainor ^ , II-5) arc at present either in question or very preliminary 

and thus do not provide any definitive answers on their origin. 

Anomalous He, N, 0, and Nc , Kleckcr aj^- (OGlO-8), von Rosenvinge ct al . 
rOGlO-9) , Mewaldt ct a 1 . (0(10*10,11) and Webber £_t al^. (P-5) reported on the 
energy spectra, al)undances, long term intensity variations and radial gradients 
of low energy elements heavier than helium during cjuict times. The combined 
results on the energy spectra are shown in Figure 2. The hump in the spectrum 
of oxygen (see left-hand panel of Figure 2) between 1 and 1C MeV/nuc dis- 
covered by Hovestadt et aj_. (1973) is clearly visible and for the first time 
a finite flux of carbon has been measured in the low energy region of the oxygen 
enhancement (Kleckcr et , OGlO-8). Allowing for the large statistical 
uncertainties tliere is reasonable agreement among the measurements taken near 
earth. The higher fluxes observed by Webber et al^. (P-5) at distances fr.’m 
1 to S AU are consistent with a positive gradient for oxygen of about 20 % per 
AU they nitasurcd. In the right-hand panel of Figure 2 are shown the energy 
spectra of nitrogen and neon along with curves representing the spectra of H, 

He, C and 0. It should be noted that Ne as well as nitrogen arc overabundant. 

In fact, the composition at 'v 10 MeV/nuc deduced from these curves is partic- 
ularly unusual. He is more abundant than oxygen, neon and nitrogen are each 
more abundant than carbon. The intensity of oxygen is nearly equal to that 
of protons. 

The relative abundances of elements from He to Fe in the anomalotis com- 
ponent between 3 and 30 MeV/nuc are compared with the galactic cosmic ray 

composition at 100 MeV/nuc in Figure 5. There is very good agreement among 

the various measurements taken near eartii. Furthermore, the Pioneer 10 and 11 
results (Webber ct ^1., P-5) are consistent with the near earth measurements 
and thus imply that the relative i^bundances remain unchanged over a large range 
of heliocentric distance. Normalizing the galactic composition to carl'jon, the 
striking overabundance of He, N, 0 and now also Ne is quite evident. 

IVliat can wc say about the origin of these particles? Nearly everyone 
agrees that they are not accelerated at or near the sun. This conclusion is 
supported by the following evidence: 

(1) There is no correlation between the intensity of the anomalous 
oxygen and the intensity of low energy (< 1.5 MeV) protons which most probably 
come from the sun (Kleckcr » OGlO-8). On th other hand, there is a 

definite correlation with neutron monitor intensities (von Rosenvinge et a 1 . , 
OGlO-9; Mewaldt ct al., OGlO-11). 



Particies/(m - sr - sec- MeV/Nuc.) 



!’ig. 2, - Di ffcrcnt i nl enei'j;y s])cctrji of heavy nuclei of the component 

nuasiircd during (|uict-timc periods in iy72-197S. The smooth curves arc shown lor 
reference with the spectra for II and lie given in tlte ri^;ht-hand j>anel taken Iron- 
figure l^^). The data arc from (a) left -hand panel i ^ foxyt;enl (carbon) , Wel)|v r 
et al., l’-5; # (oxygen) A(carbonl, Klcckcr et aK , OGIO-S; □(oxygen) V(earhon), 
Mewildi e^t al . , 0(U0-10; O (<^xygen) £^(carbon,)» von Rosenvinge et a!., 0(il()-h. 

panel : ^ (nit rogen) ^ (neon) , Webber c_t aj . , \ B (ni trogen) O 

(neon), Klcckcr et aj_. , OGlO-8; Ofnitrogen), Mewahlt a^l , , OGIO-IO; O(ncon), 
von Rosenvit^ge cl al., OGlO-9. The large ove ratnindance of oxygen, nitrogen and tu on 
compared to caibon and of helium compared to protons is evident in the energy range 
of 'vj to 30 MeV/nuc. 
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Fig. 3. -Comparison 
of the relative abun- 
dances in the anoma- 
lous component between 
*v3 to 30 MeV/nuc with 
the composition of 
galactic cosmic ray at 
MOO MeV/nue (solid 
curve) and abundances 
(*) deduced from the 
model of Fisk et. al. 
(1974) for lie, N, 0 
and Ne. The individ- 
ual measurements and 
the composition based 
on the Fisk al . 
model have been nor- 
malized at oxygen, the 
galactic abundances 
have been normalized 
at carbon. The data 
are from: B Klecker 

ct aj_., OGlO-8; O 
Mcwaldt £t a^., OGIO- 
10; Avon Rosenvinge 
etM. .OGlO-9; 9 
Webber ot , P-S . 

The elements nitrogen, 
oxygen and neon in the 
anomalous component 
are overabundant by 
about a factor of 10 
compared to the re- 
spective elements in 
the galactic cosmic 
rays. 


(2) The intensity of the anomalous oxygen increases with heliocentric 

distance at a rate of about 20% per AU (Webber » P-5). 

(3) The composition of the anomalous component, is unlike that of solar 
particles (sec. for example, Klecker e^ a^. , OGlO-8). 

If these particles are non-solar arc they galactic? If this were the case 
the galactic source would have to have a highly unusual composition and our 
theories of solar modulation would have to be drastically revised. Depletion 
of carbon and large relative abundances of and 17o may indeed occur 

in certain white dwarf stars as suggested by Hoyle and Clayton (1974). Any 
source of this kind is, however, ruled out because the anomalous component 
consists predominantly of the isotopes and ^^0 (Mewaldt _et M . , 

OG7-10; Webberet al. , P-5). 

A more realistic mechanism which accounts for the overabundance of He, N, 

0 and Ne in the anomalous composition and is consistent with the isotopic 
composition observed was proposed by Fisk, Koslov.sky and Ramaty (1974) and 
summarized and extended by Fisk (OGlO-12) at this Conference. In this model 
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interstellar neutral particles, mainly H, lie, N, 0 and Nc* arc ionized in and 
picked up by the solar wind attaining energies of ^ 1 keV/iuic. A small fraction 
of these newly ionized particles is further accelerated to the observed energies 
('v 10 MeV/nue) in the outer solar system by presumably long-wave, magnetosonic 
turbulence. A firm prediction of the Fisk £t al^. model is that particles 
accelerated in this fashion are singly charged and hence arc modulated only 
slightly as they re-enter the inner solar system. Indirect evidence for the 
low charge state of oxygen is provided by measurements of the relative intensity 
variations of oxygen and helium shown in Figure 4. The intensity variation 
observed is most consistent with the hypothesis that the particles ere singly 
charged (von Rosenvinge eJL » OGlO-9). 

4. Ilea Particles of a n 
Unknown Origin in the 
barth*s Magnetosphere. The 
Skylab Mission provided the 
opportunity to expose at 
an altitude of 430 km for 
70 clays and then recover 
large arc-4 track recording 
del :tors. Biswas ct aj^. 

(OCTO- 13,14), KrHtschmer 
(OGIO-IS) and Chan and 
F^ricc (OGlO-16) reported 
unexpected results based 
on the exposure of their 
detectors on Skylal>. IMP 
7 and 8 satellite obser- 
vations showed that during 
the time of the Skylab 
exposure (November 22,1973 
to i'cbruary 3,1974) no 
significant solar flare 
particle emission occurred. 

Furthermore, the geomagnetic 
cutoff of 5 50 MeV/nue at 
the orbit of Skylab pre- 
vented low energy heavy 
nuclei from reaching the 
track detectors. It was 
therefore surprising to 
sec substantial fluxes of 
heavy particles in the inner 
region of the magnetosphere. 

To illustrate the Skylab 
results the measurements of 
oxygen and heavjcr elements by 
Chan and Price (OGlO-16) arc shov/n in Figure S. Kr^ltschmor (OGlO-lb), measured 
the energy spectra of Fc,Ca and Si down to '^^200 keV/nue and Biswas et al. (OGIO- 
13, H), reported abundances of B,C,N,0,Nc,Ca and Fe at 10-30 MoV/nuc. The energy 
spectra rise steeply with decreasing energy, and for Si,Ca and Fe the s]KHt ra 
continue to rise to '^0.2 MeV/nue (KrJItsciimcr, OGlO-131. The relative abundances 
reported by Chan and Price (OGlO-16) seem to be most consistent with those of 
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Fig. 4. -A regression plot for the anomalous oxygen 
and helium between 9.3 and 23.5 MeV/nue. Points 1 
and 9 correspond to nine quiet-time intervals in 1971 
to 1974. The data arc consistent with equal percent- 
age modulation for oxygen and helium (dashed line) 
and indicate a reasonable fit to the theoretical 
curve based on the force-field approximation (Glceson 
and Axford, 1968) and the hypothesis that helium and 
oxygen arc singly charged. (Figure taken from von 
Rosenvinge £t a^. , OGlO-9.) 
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Fig. S.-Tiffie-averaged energy 
spectra of heavy elements be- 
tween 'vlO and 100 MeV/nuc 
measured on Skylab in the inner 
regions of the earth’s magneto- 
sphere. The intensities ob- 
served are unusually high and 
may indicate that heavy ions 
are continuously accelerated to 
energies of MeV/nue in the 
magnetosphere. (Figure taken 
from (Than and Price, OGlO-16.) 


the solnr corona nr the solar wind, and 
in particular, imply that the source of 
these particles is neither galactic nor 
ionospheric. To explain the high intensi- 
ties observed requires that either (1) inter- 
planetary particles have an easy access to 
these inner regions of the magnetosphere as 
is suggested by Biswas et aK (OGlO-1 14) , 
or (2) that solar wind ions diffuse into 
and are accelerated in the magnetosphere to 
rhe observed energies as is proposed by 
Chan and Price (0G10-U>). The mechanisms 
required for cither of the two suggested 
alternatives are at present unknown. 

5. Jovian Electrons. **Quiet-ti me*’ 
increases in the flux of 3-12 MeV inter- 
planetary electrons have been observed over 
the years by the (k)ddard group (McDonald 
£l . , 1972). It was only following the 
encounter of Pioneer 10 with Jupiter that it 
became clear (Chcncttc £t rd . , 1974; Tec- 
garden et al . , 1974) that this planet is the 
source of much of the low energy electron 
component observed near earth. Four groups 
have reported observations of Jovian electrons 
at this Conference and their results may be 
summarized as follows: 

(1) There is a seasonal (^>13 nKDnths) 
as well as a 27 day periodicity in frequency 
and size of the quiet-time electron increases 
as is illustrated in Figure 6. (IJHeureux 
and Meyer, OGlO-1; Krimigis » OClO-2; 

Mewaldt , OGlO-3; Tecgarden £t , 

1974; McDonald et al., 1972). 


(2) The increases arc confined to 

electrons below ^ 30 MeV (L’Heureux and Meyer, OGlO-1) and are observed at 
energies as low as '^ 0,2 MeV (Krimigis et al . , OGlO-2; Mewaldt ct al., OGlO-3). 


-1 5+0 3 

(3) The energy spectra of electrons arc of the form F ■ ~ (Krimigis 
> OGlO-2; Mewaldt > (OGlO-3) and similar to the spectra of electrons 

in the Jovian magnetosphere as reported by McDonald aj.,(P-9). 


(4) The duration of the electron increases is between 3 to 20 days (as 

opposed to one day for solar electron events) and their time-intensity pro- 
files are different from those of solar flare electrons (Krimigis ct al . , 
OGlO-2; Mewaldt , OGlO-3). 

(5) Between 1 and 3 .‘*J the gradient for these electrons is per 

Al) (McDonald et al., P-9j, 
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Fig. 6. -Hourly rntcs vs. timo for electrons, with poriotls ol sol nr nclivity re- 
moved. Hie frequency amrsi::r of the electron increnses shows both n so.i*;onnl 
iK>nths) and 27 day perioilicity '«ith the onset of the increases corresponding to 
times (marked .1) when earth and Jupiter are on the same nominal inaynet ic f iH d line. 
The Jovian origin of these qu. cl -time electron increases has been established ns 
discussed in the text. (Figure taken from LMIeurcux and Meyer, OHIO)). 


Two puzzling features of the Jovian electron increases are the long 
duration of individual increases and the occurrence of these increases for 
periods of about 4 months after nominal field line connection between earth 
and Jupiter. One way to account for these characteristics is to assume cori' 
tinuing injection of Jovian electrons on field lines for periods of ^^H-l.S ilays 
aftc‘' they have passed Jupiter. This would require a reconnection between the 
Jovian and interplanetary magnetic field lines over distances between 2 to 4 
All, a po.ssihility suggested by both Krimigis ot aj[. fOGlO-2) and MewaUlt cX^ a1^. 
(0('10-3). Ihe configuration of idealized magnetic field lines intersecting 
an extended Jovian magnctotail and the orbit of earth is shown in Figure 7 
which illustrates how electrons injected on field linos intersecting the 
Jovian tail (shaded region) will arrive at the orbit of earth over a '>-•120^ 
spread in solar longitude. 


6. Sol ar Part icle [ ;vents with Anom al ous Compositions . Recent results have 
indicated that the composition of particles emitted by the sun is frequently 
highly unu.sual . The discovci ies of the h\c rich events by (>arrard ^t al . 

(1973) and Anglin cjt rJ . (1974) and of the unusually enrich<'J emissions of iron 
by Giocckler et (1975) confront us with perhaps the greatest i)uzzles. 

Work reported at this Conference has established that the occurrence of events 
with an enriched abundance (R 5 ^lle/^Hc > 0.2) is not uncommon and that 
‘^lle can exceed the abundance of ^Hc by ns much as a 8. Furthermore, it has 
now been cstal)lished by llovcstadt ^ ;:1. (SP2.1-13) and llurford ‘^t Jij . ( 1975 , 
SP2.1-1(>| that ^He rich emission is associated with a large overabundance of 
heav'' particles. 


•^lie- r ich f;vents . About 15 instances of intensity increases having an 
abnormally large alnindancc of ‘^Ifc have been reported and are listed in Tal>lr 2. 
Our present knowledge of the characteristics of ^Hc-rich increases is summarized 
below. 



j 1 1 i I 

10 


90* 



270* 


Fif». 7. -Configuration of nominal interplanetary magnetic field lines in the 
ecliptic plane showing a region of connection between an extended Jovian magneto- 
tail and the orbit of earth. Electrons injected on field lines intersecting the 
Jovian tail in the shaded region will reach the orbit of earth spread over ''*120® 
in solar longitude and will be observed near earth for periods of and 5 months 
(Figure provided by Mewald^,» Stone and Vogt.) 


(1) The frequency of ^He rich increases is about 3 to 4 per year (see 
Table 2). 

(2) ^He rich increases are associated with either weak or no flares. 
Sonic may be associated with active regions on the sun. (Hovestadt et al . , 
SP2.1-13; McDonald et sa., SP2.1-14; Hurford et al^. , SP2.1-16). 

(3) ^He/^He ratios greater than 0.5 are not uncommon (see Table 2). 
Ratios as high as 8 have been observed (Hurford £!_• . SP2.1-16). 

(4) ‘^He enrichment has now been found at energies below 1 MeV/nue 
(Hovestadt et al_., SP2.1-13). 

(5) A ^Hc rich event has been observed at a heliocentric distance of 

'V' 0.3 AH by two Helios experiments (Van Hollebeke £t al^. , H-8; Green et al ■ , 
H-3). 

(6) No measurable amounts of deuterium or tritium have been detected in 
any of the ^le rich events - only upper limits are reported (see Table 2). 
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lO/U/69 

0.4$ t 0.06 

<0.0SS 
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SI t 3 
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von Rosenvifi|e 
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0.45 t 0.06 

<0.011 
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4.4 t 0.3 
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lliirford, Stone, 
VoRt 

2/20/74 

M).4 



MO 




2/20/74 

0.6.3 t 0.10 



3.2 t 0.3 


M-19 

1 SP2.1M4 
1 Ml Don.iU et il . 

2/20/74 

0,09 t 0.02 

<0.23 

<0.012 

9.0 t 0.3 

1.06 i 0.13 

0.6-1. 6 

Sr2.1-15 

Hovestadt, KlecSer, 







Votlocr, Gloecliler, 

5/ 7/74 

1.06 t 0.1$ 

<0.03ft 

<9.4 X 10*^ 

S.O t 0.4 

t.ft3 i 0.3 


1 ,nn 

S/ (774 

1..3 i 0.4 



2.S t O.S 


S-19 

SP2 .I -14 
McDonald et ai . 

S/ 9/74 

%« 



n2.3 

• 

SMS 

1 SP2.1M6 
1 llurford <t al . 

11/30/74 

0.64 i 0.15 

<0.07ft 

<3.2 X lO"^ 

4.3 t O.S 

1.0 1 O.S 

0.6-1. 6 

1 5P2. M3 
1 14ovcstadt et al . 


(7) There is no strong correlation between the ^He/^He and p/a ratios 
although in most cases of ^He rich emission the p/ot ratio is <10 (see Table 2). 

(8) In al 1 cases where heavy nuclei could be measured it was found that 
iron was as abundant or more abundant than oxygen (Hovestadt et aj[. , SP2.1-L^) 
and that the composition of all heavy nuclei above 0 was enricho* (hovestadt 
^ £l . , SP2.1-15; Hurford ^ al_. , SP2.1-16). 

Ramaty and Kozlovsky (1974) have proposed a thick target, anisotropic 
emission model which can explain moderately large *^Ne/^IIe ratios and tlic 
absence of deuterium and tritrium. Stephens and Baiasuhrahmanyan (SP2.1-17) 
consider inhomogeneit ics in the concentration of hlc in the sun but fiiui large 
concentrations of *"*lle, even on microscopic scales, difficult to maintain. None 
of the theories proposed to date can explain ajj the characteristics of h\a 
rich events. In particular, they cannot explain the large ‘^llc/^lic ratios 
frequently observed and the associated emission of heavy nuclei. 

Iron-Rich U vent s. The systematic enhancement of high Z elements in solar 
particle events is now well established and Fc/0 ratios as high as O.S arc no 
longer surprising (Crawford ejt al.,1975). What new is the degree to which 
heavy elements are at times enriched (Glocckler £t £l . , 1975) and that during such 
emissions a large amount of ^He is frequently released. Hovestadt ol al . (SP2. 1-13) 
find iron to be more abundant than oxygen and large h\c/^He ratios in three 
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small intensity increases in 
1974. None of these three 
heavy particle events were 
associated with solar flares or 
with significant interplanetary 
disturbances, llurford et al_. 
(1975, SP2.1-16) also find that 
in all of the 5 ^hc rich events 
they detected, elements with 
6 were highly overabundant 
compared to ^He and protons. 

In Figure 8 are shown 
abundances normalized to oxygen 
for (a) each of the three iron 
rich events, (b) particles 
during a typical moderately 
quiet-time period, and (c) the 
solar system. The large 
enrichment of elements heavier 
s.Itin oxygen is unmistakable as 
is the depletion of elements 
lighter than oxygen. The Fe/0 
ratio of 1.8 i 0.3 for the 
May 7-13 event is the largest 
ever observed. The ^He/^He 
ratio for this event was 
measured to be 1.06 t 0.15. 

Res.' its reported by 
Dobrotin et al . (SP2.1-10) 
indicate that substantial enrich- 
ment of iron is .;ot soley con- 
fined to low energy particles. 
They find that on one occasion 
(Jan 2, 1974) the Fe/0 ratio for 
particles above “v 300 MeV/nuc 
exceeded 0.5 and that the abun- 
dance of Si relative to 0 was 
about 0.8. No significant 
increase was observed in the 
intensities of protons above 
“v* 300 MeV or of low energy heavy 
ions. 



Pig. 8.-Coaparlson of the relative abun- 
dances measured in three "heavy ion events'* 
in 1974 with the so) • system and the moder- 
ately quiet-time co -ition. All abundances 
are normalized at o*>_ n. The composition of 
the 3 "heavy io.T events" is strongly enriched 
in .elements heavier than oxygen and depleted in 
protons, ^He and possibly carbon. All three 
"events" are ^le rich and in all the abundance 
of iron is greater than or equal to that of 
oxygen. (Figure taken from Hovestadt et al., 
SP2.1-13.) 


The various models proposed to 

account for the enrichment of heavy elements are based either on the fraction- 
ation of the elements at the source or on preferrential acceleration and/or 
escape of heavy ions at the sun. How, at the same time, large amounts of He 
are produced and accelerated remains a puzzle. 


7. Nuclear Abundances of Solar Particles. In Table 3 the abundances of solar 
particles reported at this Conference are compared to the "best" average 
composition of the solar atmosphere (column 8) and of the solar wind (column 9). 



The first reported measurement of the abundances of 1-10 MeV/nue particles 
during moderately quiet-times (Hovestadt • . SP2.1-13; see column 2 of 

Table 3) indicates a composition enriched in iron and similar to that of the 
solar wind (Bame, 1972). The composition obtained by von Rosenvinge et al . , 
(SP2.1-3) in the energy range 10 to 35 MeV/nuc for the sum of all solar 
particle events from June to October 1974 (column 5) seems to be enriched in 
Ne, Mg, and Fe when compared with the average abundances of > 10 MeV/nuc 
solar flare particles (column 7) compiled by Webber (SP2.1-9). To what extent 
these differences in the composition may be due to a difference in the average 
size or importance of the flares included in the two respective sets of data 
is not known at this time. 


T.iblc l. NUCUAR ARUNOANCES OF SOLAR FLARF FARTICUS 


Chemical 

Element 

Moderately 
Quiet 1974 

Fe, Hc^ rich 
5/7M3/74 

Solar 

Flare 

1/24/71 

Sua of FUrts 
i . J974 

Solar 

l/2/74‘*' 

Sol.ar 

Average Almo- 

Solar Flare .sphere 

Solar 

Wind 

C 

N 

44 t 3 

29 i 10 


SI t 2.) 
IS. 4 t 1.2 


49 4 3 60 

13 t 2 14 


0 

Nc 

Ha 

UOO 
14 i 1 

= 100 
40 t IS 

;ioo 

20 1 4 

SlOO 

26.2 1 1.5 
2 4 0.3^"' 

slOO 

=100 5100 

14 • 2 7-30 

1.9 4 0.8 0.4 

ilOO 

10 

Mg 

At 

Si 

10 f 1 
10 i 1 

80 4 20 
40 t 20 

18 1 4 

17 4 S 

29.4 4 2.2. 
3.5 4 0.5'®' 
14.2 4 1.9 

80 t 10 

19 4 2 8 

2.4 4 1 0.6 

14 4 2 8 

21 

S-Ca 

Fe 

9 t 2 
16 4 3 

1 

24 4 10 
163 4 30 


IS.l 1 1.1 

iSO 

2.5 ♦ 0.7^*^^ 7 

3-6 3.5 

17 

He/Fe 

61S 

16 




1430 7700 

880 

Energy 
Range (<J) 

1- 

10 

3.6r8 

MO-35 

>300 

MO 


Technique 

ULET . dE/dx « E 
A£ i proportional counter 

Track 

Detector 

(CTA) 

dfi/dx vs E 
Solid .<(tate 
detectors 

Cerenkov 

Various 


Paper No. 
and 

Authors 

SP2.1-13 
Hovestadt , 
Klecker, Vollmcr, 
Gloeckler, Fan 

SP2. 1-5/6 
Durgaprasad 
Nevatia, 
liswas 

SP2.1-3 

von Rosenvinge, 
, McDonald, 

Balasuhrah- 
manyan 

SP2.1-10 

Dohrotin, 

‘ Kurnosova, 
Logachev, 
Rnzorenov, 
Fradkin 

* SP2.1-9 

, Compiled 

by 

, Webber 

Bame 

(1972) 


(») jj protons/ (c»* sec sr W*V) it ^ I MeV 

(b) »t ^ S HcV/nue 

(c) Sulfur only 

(d) all energy limits in MeV per ntsClcon 

Temporal and Spatial Variations. It was already noted at the Denver 
Conference (Hovestadt, 1973) that abundance ratios are variable not only from 
event to event, but also during a particular solar particle event. Therefore, 
"event averaged" or "snap shot" composition measurements must be interpreted 
with caution. This view was confirmed in several papers which reported on the 
variability of abundance ratios (Ipavich £t £l^. , SP2.1-2; Gloccklcr ct al . , 
SP2.1-4; von Rosenvinge £t a]_. i SP2.1-3; Armstrong and Krimigis, SP2.1-8). For 
example, von Rosenvinge ^ a^. (SP2. 1-3) find the Fe/0 and Mg/0 ratios to change 
by at least a factor of four during the July 3-11, 1974 series of events. For 
the 9 solar prirticle events they studied, Gloeckler £i^ al_. (SP2.1-4) observe 
the He/ (CNO) ratio to vary from 3 to 28 at low energies (0.02-0.04 MeV/nuc). 
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Abundance ratios depend also on 
the position in space where the 
measurements are made. This point is 
illustrated in Figure 9 which shows 
the time dependence of the He/ (CNO) 
ratios measured during a portion of 
the July 3, 1974 solar particle event 
by Armstrong and Krimigis (SP2.1-8) 
using identical detectors on the IMP 
7 and IMP 8 spacecraft. Not only are 
the ratios changing with time, but 
between 0300 and 0400 UT on July 5 
the ratios at IMP 7 are considerably 
higher than they are on IMP 8. 

Looking at really long te^m time 
variations, Gopalan and Rao (SP2.1- 
12) investigated solar particle 
emission in the early solar system 
by examining Xc isotope abundances 
in gas-rich meteorites. They suggest 
that higher fluxes of solar energetic 
particles were probably present 
billions of years ago. 




Fig. 10. -Variation of the prottn to 
alpha ratio as a function of the maximum 
MO MeV proton intensity in solar parti- 
cle events. The region between the two 
dashed lines includes ‘vTOt of the 45 
events, it is evident that the smallest 
p/a ratios are observed in the least in- 
tense solar particle events. (Figure 
taken from Van Hollebeke, SP2.1-1.) 


Fig. O.-Sp.Tti.il and tempor.il variations 
in the He/(Z>3) r.itio of solar particles 
at two energies observed during a seven 
hour time interval on July .S, 1974. Pas- 
sage of an interplanetary shock wave is 
indicated by the vertical lino marked 
SSC. Observations were made using iden- 
tical detectors on the earth orbiting 
satellite IMP 7 (Explorer 47) and IMP 8 
(Explorer 50) when IMP 8 was located in 
the upstream intCT);lnnctary medium and 
IMP 7 was passing througli the dusk tran- 
sition region. (Figure taken from Arm- 
strong and Krimigis, SP2.1-8.) 


Statistical Studies. Two papers 
at this Conference reported results 
based on statistical studies using a 
large number of solar particle 
events. Van Hollebeke (SP2.1-1) 
analyzed the p/a ratio at 'v 10 MeV/nuc 
in some 45 solar particle events and 
finds that this ratio is correlated 
with the maximum proton intensity of 
the event as is shown in Figure 10. 
Small p/a ratios are observed in small 
intensity or micro events which are 
generally also enriched in ^He. 
Furthermore, she finds that the energy 
spectrum of protons in these micro 
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events is considerably steeper than for the larger events. Gloccklcr ct 
(SP2.1-4) also find a correlation between the spectral index of low energy 
CNO nuclei and the ’’event averaged” proton flux as is evident from Figure 11 

In each of the 9 events, they 


observe a bend-over in the energy 
spectra of CNO below 'v 0.2 MeV/nuc 
which they attribute to energy 
losses by ionization during 
storage in the lower corona on 
the order of several hours 
followed by substantial adiabatic 
deceleration in the interplanetary 
medium. It is clear from data 
presented in Figure 11 that in 
the larger events the bend-over 
is most pronounced, while in 
small events the spectra remain 
steep, in agreement with the 
results of Van Hollebeke (SP2.1-1). 

Charge States. The state of 
ionization may well be one aspect 
of solar particles which does not 
change. Using an electrostatic 
deflection analyzer, Gloeckler 
et (SP2.1-4] are able to 
measure directly the charge states 
of ions in the energy range of 
0.02 to 0.06 MeV/nuc. They find 
consistently C and 0 to be almost 
fully stripped even at the lowest 
energies (0.02 MeV/nuc). For 
example in the July 1, 1974 solar 
particle event the mean charge 
states of carbon and oxygen were 

measured to oe 5.5 and 7.2 respectively. These values are similar to those they 
reported at the Denver Conference for a small solar event (Gloeckler et al . , 
1973). 



Fig. 11 .-Variations in the spectral index 
of 0.02-0.04 MeV/nuc C+0 as a function of the 
average intensity of 0.13 to 0,22 MeV protons 
for nine solar particle events. The smallest 
events are characterized by steep spectra 
while for the large events the spectrum is 
flat. These results are interpreted on the 
basis of energy losses by ionization of parti- 
cles during storage in the solar corona as 
discussed in the text. (Figure taken from 
Gloeckler tt al., SP2.1-4.) 


8. Nuclear Reaction Products in Flares. A natural consequence of particle 
acceleration in flares is the generation of secondary particles and photons as 
a result of nuclear reactions in the solar atmosphere. It is in this area 
where theoretical work has progressed considerably and where experimental 
information is niost lacking. 

Measurements of Nuclear Re a ction Product s. A summary of measurements of 
secondary particles produced in nuclear reactions based on work reported at 
this Conference is given in Table 4. Hurford (S^2.1-16) have extended 

isotope measurements in flares to new low energy limits and find general 
agreement between their experimental results and calculation based on a thin- 
target model of Ramaty and Koslovsky (1974), The upper limit for the e‘*'/e’ 
ratio near 'v 1 MeV for ^He rich events (Mewaldt et al^. , SP3-8) was measured to 
be about the same as the e'*'/e“ limit for flares with a normal isotopic 
composition. 
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Theoretical Investiga- 
tions on Particle and Photon 
Production in Fla r es. Con- 
siderable progress^ has been 
made on calculating the time 
profiles for y-ray lines 
(Ramaty and Wang, SP3-1; 
Kanbach ct^ al_. , SP3-3) , 
neutron, yray, and ^lle 
production (Baisakalova e^ 
al. , SP3-2, Ahluwalia, SP3-5; 
Ibragimov and Kocharov, SP2.1- 
15), positron annihilation 
(Crannell et , SP3-6), 
and the total number of 
accelerated particles (Bai 
and Ramaty, SP3-7; Ibragimov 
and Kocharov, SP2.1-15) in 
flare regions. For example, 
Bai and Ramaty (SP3-7) have deduced for the August 4, 1972 flare the intensity 
and the spectrum of electrons in the flare region from the observed continuum 
y-ray emission and X-ray flux. Because of the complexity of the deduced 
electron spectrum, which includes a hump above s, 0.7 MeV, they conclude that 
high and low energy electrons are accelerated by different mechanisms. Com- 
bining y-ray and radio data these authors estimate the magnetic field and 
ambient density in the flare region. They report a p/e“ ratio of '\<100 at ''<10 
MeV, a magnetic field strength of 'v 370 gauss and a density of 6 x 10^® in the 
flare region. It is a pity that more experimental observations on reaction 
products arc not available since such information is of vital importance in 
arriving at parameters characterizing the acceleration process. 

9 . Conclus ions. With this brief and admittedly sketchy overview of our 
current knowledge on low energy particles produced in our solar system I hope 
to have conveyed, on the one hand, our lack of understanding of a whole variety 
of puzzling observations and, on the other, a lack of observations in areas 
which arc well understood theoretically. Wliat are the needs and prospects 
for the future? 

(1) For the very low-energy, quiet-time protons and alphas whose origin 
is not known, measurements must now be extended to study the long term modula- 
tion and the o'clution of this component with heliocentric distance. Such 
observations are not easy but are, I believe, possible with instruments on 
current and planned spacecraft. 

(2) The question of origin of the anomalous component will probably not 
be entirely settled until direct charge state measurements are made or particle 
acceleration in interplanetary space is demonstrated. Neither of these measure- 
ments are easy. 

|.3) To understand the unexpected observations on particle emissions from 
the sun will require models and theories to bring some order to the present 
state of apparent chaos. F.xperimental ly, we need more statistical studies 
instead of isolated measurements in order to established systemat ic and 


Table 4. NUCLEAR REACTION PRODUCTS IN FURES 


Ratio 

Energy Range 
CMeV/nuc) 

Value 


1.2 - 6.8 

5.4 X 10‘® 

Vh'*» 

1.6 - 8.6 

X 10-^ 

WV*’ 

'v* 3 - IS 

(9 4 4) X 10"^ 


'V 3 - 15 

(1.7 i 0.7) X 10‘^ 


0.16 - 1.6 

< S X 10‘^ 


^*^Hurford, Stone, Vogt (SP2.1-I6) 

%e rich events, Me'waldt, Stone, Vogt (SP3-8) 




i 



17 


correlative relationships which undoubtedly exist. To achieve these objectives 
it is vitally important to maintain in operation functioning spacecraft over 
extended time periods in order to obtain the large sample of events required 
for analysis. 1 believe that considerable progress could be made in this area 
over the next few years. 

(4) Finally, to study particle acceleration in the sun or elsewhere in 
our solar system will require simultaneous and comple ment ary observations of 
particles and photons over an extended energy and rrequency range. Such 
unified observations are, in general, lacking and in many instances important 
experimental information is unavailable. Our understanding of these processes 
will be incomplete unless composition measurements are extended on the one 
hand to even lower energies, including solar wind particles, and on the other, 
to tlie rare elements at higher energies during micro events. 1-xpcrimental 
techniques to do all of these measurements exist today. I hope it will be 
possible to fly these experiments soon. 
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